I. INTRODUCTION
One of the important analog modules on a System On Chip (SOC) is the continuous time filter performing tasks like antialiasing, equalization etc. Filters used in biomedical applications like heart rate detectors and hearing aids etc., and front end of the sensor networks demand small size and low power consumption. Popular topologies of filters include active-RC and Transconductance -C filters. Among these, because of negative feedback, active-RC filters provide higher dynamic range for a given power. Operational Amplifier (Opamp) is the main building block of the active-RC filter. However, low output impedance requirement of Opamp makes it power hungry. For this reason, OTAs are widely used in place of Opamps but with some careful design [1] , [2] . Various designs of OTA are described in the literature. This paper presents the design of a low power OTA for low power applications.
Scaling dimensions in CMOS technology requires proportional scaling in supply voltage as well. Though lower supply voltages result in lower power consumption, as the supply reduces there is a need to maintain relatively larger threshold voltage in order to reduce subthreshold currents. One of the circuit techniques to overcome this threshold voltage problem is to use bulk driven input MOSFETs which are operated in weak inversion mode. The first bulk driven MOS transistor concept was proposed in [3] in 1987. According to this concept, the signal is applied to the bulk nodes of the MOSFETs whereas biasing is done through the gates of the devices. Bulk modulates the current flow through Manuscript received in April 13, 2012; revised May 24, 2012. This work was supported in part by the Department of Information Technology, MCIT, and GOI.
The authors are with National Institute of Technology Karnataka, Surathkal (e-mail: rsbhat_99@ yahoo.com, laxminidhi_t@ yahoo.com). the transistor. In [3] , a bulk driven OTA is proposed. The research there on led to many bulk driven OTA designs, for example [4] .
Commonly used Miller compensation scheme to stabilize the OTA in feedback, suffers from poor gain-bandwidth product. When such a OTA is used to realize a filter, the realizable filter bandwidth is limited by the OTA gain-bandwidth. Feed-forward compensation scheme is found to be effective in pushing the gain-bandwidth product of the OTA to a higher value [5] - [7] .
II. FEED-FORWARD OTA
The block schematic of fully differential feed-forward compensated OTA is shown in Fig. 1 [7] . In the figure, g m1 and g m2 are fully differential transconductors forming the forward path of the OTA and g m3 , also a fully differential transconductor, forming the feed-forward path. A simplified single ended model of the OTA in Fig.1 is shown in Fig. 2 . The corresponding transfer function can be written as follows. 
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The feed-forward path thus introduces a left half s-plane zero at s = -ω z which improves the phase margin of the OTA without compromising the band width.
III. FULLY DIFFERENTIAL BULK DRIVEN TRAN CONDUCTOR
It is a common practice to use source coupled differential pair to realize the transconductor. But due to the limitations on overhead when operating with low supply voltages, it is common to use a pseudo differential architecture. A pseudo differential transconductor is shown in Fig. 3 . In the figure, vip and vim are the differential inputs and vop and vom are the differential outputs. M1 and M2 are the input transistors operating in saturation. M3 and M4 form the NMOS loads and operate in weak inversion. A single ended small signal equivalent circuit of the differential transconductor is shown in Fig. 4 . In the figure, g mb is the transconductance of bulk driven transistor (M 1 / M 2 ). C in and C out are the effective capacitances at input and output respectively. Similarly, R in and R out are the effective input and output resistances respectively. C c is the effective coupling capacitance between the input and the output (bulk and the drain). This coupling capacitance can not be ignored as it is the drain junction capacitance and it introduces a right half plane zero. A simple scheme to compensate for this effect is shown in Fig. 5 . It is to be noted that this will only compensate for the capacitance but will not cancel the capacitance altogether.
IV. BULK DRIVEN FEED-FORWARD OTA
Bulk driven feed-forward OTA shown in Fig. 1 is realized using the differential transconductor shown in Fig. 5 . Single ended small signal equivalent circuit of the differential feed-forward OTA is shown in Fig. 6 and the corresponding transfer function can be written as in (2) . A bulk driven feed-forward compensated OTA then built using the transconductors. Fig. 8 compares the frequency response of the transistor level differential OTA and of its model (Fig. 4) . OTA has an open loop DC gain of 44 dB. Under no load condition the OTA has a 3 dB bandwidth of 601 kHz, UGB of 22 MHz, phase margin of 68.5º and a gain margin of 54.89 dB. It is to be noted that, if it were a Miller compensation, for the same UGB of 22 MHz, the 3-dB bandwidth would have been 138 kHz. For a pure capacitive load of 1 pF, OTA has 3 dB bandwidth of 408 kHz, UGB of 9.07 MHz, a phase margin of 45º and a gain margin of 66 dB. If resistive loads are considered, the phase margin is sure to be improved as the damping increases. Table I To demonstrate the application of the designed OTA, a fifth order Chebyshev low pass filter is designed and the schematic of the filter is shown in Fig. 9 . The filter has a bandwidth of 480 kHz and a pass band ripple of 1 dB. It is derived from the ladder architecture [6] .
Fig . 9 . Schematic of fifth order chebyshev filter. Fig. 10 shows the magnitude response of the transistor level filter. It can be seen that the response closely matches with the ideal response up to 1 MHz where the attenuation of the filter is about 50 dB. The deviation beyond 1 MHz is attributed to parasitic poles/zeros.
VI. CONCLUSIONS
A fully differential low power OTA is described. The OTA designed is in 180 nm CMOS technology and is feed-forward compensated. It has 44 dB DC gain, 9.07 MHz UGB, 45º phase margin and 66 dB gain margin at 1 pF pure capacitive load consuming a power of 30µW from 0.5 V supply. A fifth order Chebyshev low pass active -RC filter with the cutoff frequency of 480 kHz is designed as an application of the OTA. Filter response closely matches with the ideal response up to 1 MHz where the attenuation of the filter is 50 dB. 
